We have examined the utilisation of glucose and ketone bodies in normal adipose tissue in response to insulin and some drugs used in diabetic therapy. Under basal conditions 14C from acetoacetate was incorporated into long chain fatty acids, while ~aC from glucose was found principally in the glyceride glycerol fraction of tissue lipids. Fatty acid synthesis from acetoacetate was stimulated ten-fold by glucose addition up to 20ram and conversely, acetoacctate enhanced the incorporation of glucose 14C into lipids. The stinmlatory effect of glucose was independent of its transport, since it is not reproduced by 2-deoxy-glucose. Insulin further stimulated fatty acid synthesis from acetoacetate, an effect abolished in the absence of glucose. Phenethyl-biguanide (Phenforrain) increased tissue glucose uptake, although it decreased glucose laC and acetoacctate 14C incorporation into triglyceride. Free fatty acids (FFA) and very low density lipoproteins (VLDL) addition at concentrations observed in diabetic ketosis resulted in inhibition of acetoacetate utilisation. We conclude that ketone bodies do not block glucose utilisation in normal human adipose tissue in vitro. The apparent reduction in ketone body metabolism during diabetic ketosis may be related to the high FFA and VLDL levels observed.
Summary.
We have examined the utilisation of glucose and ketone bodies in normal adipose tissue in response to insulin and some drugs used in diabetic therapy. Under basal conditions 14C from acetoacetate was incorporated into long chain fatty acids, while ~aC from glucose was found principally in the glyceride glycerol fraction of tissue lipids. Fatty acid synthesis from acetoacetate was stimulated ten-fold by glucose addition up to 20ram and conversely, acetoacctate enhanced the incorporation of glucose 14C into lipids. The stinmlatory effect of glucose was independent of its transport, since it is not reproduced by 2-deoxy-glucose. Insulin further stimulated fatty acid synthesis from acetoacetate, an effect abolished in the absence of glucose. Phenethyl-biguanide (Phenforrain) increased tissue glucose uptake, although it decreased glucose laC and acetoacctate 14C incorporation into triglyceride. Free fatty acids (FFA) and very low density lipoproteins (VLDL) addition at concentrations observed in diabetic ketosis resulted in inhibition of acetoacetate utilisation. We conclude that ketone bodies do not block glucose utilisation in normal human adipose tissue in vitro. The apparent reduction in ketone body metabolism during diabetic ketosis may be related to the high FFA and VLDL levels observed.
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The mechanism of insulin resistance during diabetic ketosis is not well understood. Some reports have suggested an impairment of glucose metabolism in muscle exposed to high concentrations of aceto-acetate and beta-hydroxybutyrie acid [i, 2] . Randle and his colleagues [3, 4] , working with perfused rat heart, suggested a reciprocal relationship between ketone body oxidation and glucose metabolism. From their observations they derived the hypothesis that during ketone body oxidation the intracellular level of acetyl CoA is raised at the expense of free CoA, resulting in inhibition of glucose utilisation. These investigations suggest that the rising concentration of plasma ketone bodies during diabetic ketosis might be responsible, at least in part, for the insulin resistance observed. Acetoacetate and beta-hydroxybutyrate serve as readily metabolisable substrates in rat adipose tissue [5] . Furthermore, rat adipose tissue could effectively synthesise fatty acid from ketone bodies in vitro [6, 7] .
It seemed reasonable, therefore, to test whether this antagonism could be detected in man. In the present investigation we have explored the interrelationship between ketone body metabolism and glucose utilisation in normal human adipose tissue.
Materials and Methods

Ad@ose Tissue
Subcutaneous human adipose tissue was obtained during routine surgery from 16 patients with normal fasting blood sugar. :Patients with jaundice, uraemia or other metabolic disease were excluded. Pre-medication was with lqembutal and general anaesthesia was induced by Pentothal and maintained with either Cyclopropane and oxygen or Halothane and nitrous oxide, with oxygen. The adipose tissue was removed early in the operation and transferred to the laboratory in 0.9% saline. Rat adipose tissue was obtained from the epididymal fat pads of 150--200 g male Wistar rats after an overnight fast.
Incubation Conditions
Adipose tissue pieces (50--100 mg) were incubated for 2--6 h in 1 ml of Kreb's bicarbonate buffer, pH. 7.4, containing 2% bovine serum albumin (Armour, recrystallised). Incubations were performed in polystyrene tubes, stoppered with rubber caps supporting a hanging well 11~ by 1 cm. Incubation was carried out in an atmosphere of 95% 02 and 5% CO 2 at 37~ in a metabolic shaker. The substrate concentrations and specific activity of the labelled compounds are shown in each table. After incubation, 0.5 ml of 1 M hyamine was introduced into the centre well through the rubber cap. 0.4 ml of 1 N sulphuric acid were then introduced via the side arm into the main compartment of the incubation tubes. This stopped the reaction instantly and ensured complete liberation of the CO r The incubation tubes were returned to the metabolic shaker for a further 1 h to ensure complete transport of the C02 to hyamine.
Assay of Compounds
The COz from glucose or aceto-acetate metabolism was determined by transferring the central well containing the hyamine to a counting vial with 10 ml of scintillation fluid (Toluene I~PO + I)POP). Using known concentrations of labelled sodium bicarbonate, the efficiency of CO 2 recovery was determined and the counts corrected accordingly. After incubation, adipose tissue pieces were removed, rinsed several times in cold saline and extracted in 15 ml of chloroform-methanol [8] . The washed extract was dried under nitrogen and saponified in alcoholic KOH at 60 ~ C for 1 h. Completeness of saponification under these conditions was checked by thin layer chromatography as below. After saponification, the glyceride glycerol and fatty acids were isolated and determined according to the method of Denton and Randle [9] . Separation of the total lipids into single lipid classes was performed on aliquots of unsaponified extract using thin layer chromatography in a solvent system of diethyl ether, heptane and acetic 3 acid (80:20:2). The hpid fractions were identified by iodine vapour, decolourised and counted. The radioactive glycogen was isolated from the delipidated tissue -~ using the method of Stetten et al. [10] . 20 mg of non-.~ radioactive glycogen were added to each tube to serve as a recovery mixture. After isolation the purified glycogen was dissolved in 0.5 ml of water and counted "~ in 10 ml of toluene PPO/PPOP containing 30% triton.
_
Corrections for quenching were performed using internal standards. Glucose in the medium was measured using the glucose oxidase method of Cramp [ll] .
Materials
Uniformly labelled glucose 14C and ethyl acetoacetate 3.z4C were obtained from Amersham i~adio-= s0c chemicals, England. Acetoacetate and 3-14C aceto- 
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Results
a) Glucose and Acetoacetate Metabolism in Human and
Rat Adipose Tissue The conversion rate of laC glucose into glyceride glycerol, glyceride fatty acids, glycogen and C02 by human and rat adipose tissue is shown in Fig. 1 . In contrast to rat adipose tissue, the major fraction of glucose metabohsed by the human tissue was recovered in the glyceride glycerol. Less than 4% of the radioactivity from glucose was incorporated into fatty acids. laC-3 acetoacetate, on the other hand, was mainly metabolised into glyceride fatty acids and C02 by human and rat adipose tissue.
b) The Effect of Glucose on laC Aeetoacetate Metabolism
In the presence of glucose 20 mM the incorporation of acetoacetate into total lipids by human adipose tissue shreds was hnear up to 6 h (Fig. 2 a) . When the glucose concentration in the medium was raised from 5 to 40 raM, incorporation rate of aeetoacetate into total (Fig. 2b) . These effects suggested that glucose may affect the pathways of acetoacetate metabolism in human adipose tissue, and the results are summarised in Table 1 . Glucose increased the fatty acid production from aeetoacetate by almost 20-fold. On the other hand, glucose did not affect the oxidation of acetoacetate into CO~. Negligible amounts of radioactivity were recovered in the glyceride glycerol or glycogen fractions during incubation of human adipose tissue with 140 acetoacetate. The stimulating effect of glucose on fatty acid synthesis from acetoacetate is not due to membrane glucose transport or an osmotic effect, since 2-deoxy glucose at equimolar concentration did not affect fatty acid synthesis from 14C aeetoacetate ( Table 1) .
c) The Effect of Acetoacetate o~ 140 Glucose Metabolism
The effect of aeetoacetate on uniformly labelled glucose ~4C conversion into total lipids by human adipose tissue fragments is summarised in Fig. 3 a For determination of glyceride glycerol and glycogen adipose tissue from triplicate incubation was pooled and hence no statistical analysis was performed.
up to 6 h (Fig. 3a) . Further increase in the medium concentration of acetoacetate showed that 20 mlV[ was the optimal concentration for glyceride synthesis from glucose (Fig. 3b) . Table 2 summarises the effects of acetoacetate on the incorporation of glucose in human adipose tissue. Aeetoacetate enhanced the glucose incorporation into glyceride glycerol and CO s without detectable change on its entry into other pathways. maximally stimulated the incorporation of glucose into lipids. Analysis of the lipid fractions showed that over 95% of glucose radioactivity was incorporated into glyceride glycerol. On the other hand, free fatty acid addition markedly inhibited the synthesis of fatty acids from acetoacetate. Similar effects were observed when triglyceride concentrations of the medium were elevated using purified human VLDL (Fig. 4a) .
e) The Effect of Insulin and Oral Hypoglycaemic Drugs on Glucose and Acetoace$ate Metabolism in Adipose
Tissue Insulin (1 mU/ml) stimulated glucose uptake by human adipose tissue fragments with an increase in both glycogen and glyceride glycerol labelling from ~4C U glucose. Insulin did not, however, affect the rate of fatty acid synthesis from glucose (Table 3 ). In the presence of glucose, insulin stimulated fatty acid synthesis from acetoacetate. Omission of glucose from the medium, however, abolished the stimulating effect of insulin on aeetoacetate metabolism (Fig. 5) . The sulphonylurea, chlorpropamide, at a concentration of 100 Fg/ml did not influence either glucose or acetoacetate metabolism in human adipose tissue. The lack of effect of chlorpropamide on incorporation rates of glucose and acetoacetate into various intermediates is shown in Table 3 and Fig. 5 . The biguanide Phenformin stimulated Uo14C glucose uptake from the medium, but inhibited its incorporation into lipids and glycogen, (Table 3 ). Phenformin addition also abolished the stimulating effect of glucose on fatty acid synthesis from acetoacetate (Fig. 5) .
Discussion
Ketone bodies are manufactured primarily in the liver and transported through blood to peripheral tissues where they are readily oxidised [t, 2] . The regulation of hepatic ketone body production has been extensively studied both i~ rive and in vitro [12, 13, 14] . However, little is known about the factors controlling the peripheral utilisation of ketone bodies and its relation to carbohydrate metabolism. Early work suggested that ketone body utilisation was not influenced by carbohydrates and was regulated purely by the supply of ketone bodies to the tissue [1, i5] . Recent work using kinetic methods, however, suggests that ketone body incorporation can be influenced by the pattern of glucose metabolism in diabetic rats [16] and dogs [17] . Values are means of 6 experiments done in triplicate 4. S.D. Glucose was present in the medium at a concentration of 5 raM, 1 ~Ci u-laC-glucose in a total volume of 1 ml. Incubation methods are as described in the methods. P 5 and P 20 compares the values attained in the presence of acetoacetate compared to basal conditions, using student's t-test. Glucose was present in the medium at a concentration of 5 mMolar (1 ~ci U-l~C-glucose). Incubation conditions as described in methods. P values denote probabilities between the presence of insulin or oral hypoglycaemics compared with control tubes using student's t-test.
Our results show that human adipose tissue utflises acetoacetate in vitro. The conversion of acetoacetate into fatty acids and C02 requires its initial activation into acetoacetyl S-CoA. Two acetoaeetate thiokinases have been recently identified in brown adipose tissue [18] . Furthermore, the succinyl thiophorase system described by Stein et al. [19] in skeletal muscle could also convert acetoacetate into acetoacetyl S-COA. If this pathway is present in human adipose tissue, acetoacetyl S-CoA could be a common precursor for both fatty acid synthesis and CO2 production.
The increased fatty acid synthesis h'om 14C acetoacetate in the presence of glucose has been demonstrated previously in rat adipose tissue [6, 7] . Glucose enhances the formation of triglycerides and thus miniraises the accumulation of intracellular long chain fatty acyl-S-CoA which is known to inhibit further fatty acid synthesis [23, 24] . Moreover, glucose favours lipogenesis by generation of NADPtt which is essential for fatty acid synthesis. The enhancement of fatty acid synthesis from acetoacetate was not associated with a comparable increase in CO s production. This observation might suggest that acetoaeetate is activated to aceto-acetyl-S-CoA and incorporated into fatty acids without being first broken down to aeetyl S-CoA.
The stimulant effect of aeetoacetate on glucose metabolism in human adipose tissue is in marked contrast to its reported effects in muscle [1, 2, 3] . The fact that these two tissues react differently to ketone bodies is not surprising since the metabolism of glucose in these tissues is also markedly different. In contrast to the rat, human adipose tissue metabolises glucose mainly to glyceride glycerol. A minor fraction of the glucose utflised is converted to fatty acid. The basis for this particular metabolism by human adipose tissue has yet to be defined. Shrago et al. [20, 21] demonstrated a decrease in the enzymes generating acetyl S-CoA from glucose in human adipose tissue. Others believe that high activity of alpha glycerophosphate dehydrogenase in this tissue favours alpha glycerophosphate synthesis from glucose [25, 26] . We favour the second possibility, since human adipocytes could effectively incorporate pyruvate and acetate into fatty acids in the presence of glucose in the medium [33] . It seems reasonable therefore to believe that ketone bodies stimulate glucose utilisatiou since the fatty acid synthesised from acetoacetate would stimulate the further synthesis of alpha glycerophosphate from glucose [27] . The increase in COs production from 14C labelled glucose in the presence of acetoacetate could be attributed to the generation of succinate from the suceinate thiophorase system during acetoacetate activation.
The diabetic state is characterised by a number of metabolic derangements among which are elevations in plasma FFA and triglycerides [28, 29, 30, 31] . In order to evaluate the role of these two compounds in the development of ketosis we measured the incorporation of glucose and acetoacetate into lipids in their presence. Free fatty acids and triglyceride fatty acids are actively utilised by human adipoeytes [32] . In vitro addition of these substrates enhanced the incorporation of glucose into triglycerides. However, fatty acid synthesis from acetoacetate was markedly inhibited by the addition of either substrate. The effect of fatty acid and VLDL on glucose metabolism might have been expected since these compounds will ultimately raise intracellular levels of fatty acyl-CoA, resulting in stimulation of glucose conversion to glyceride glycerol [27] . The accumulation of intraeellular fatty acyl-CoA on the other hand, would inhibit fatty acid synthesis from aeetoacetate [23] .
The effects of glucose on acetoacetate metabolism could not be linked to glucose transport since 2-deoxyglucose at equivalent concentration did not affect aeetoacetate utilisation. It seems, therefore, that it is the pattern of glucose metabolism, rather than its transport, which determines the fate of acetoacetate. Insulin stimulates glucose utilisation and its incorporation into glyccride glycerol. This would prevent the accumulation of intracellular fatty acyl-CoA through esterification and therefore favour continued fatty acid synthesis from acetoacetate. In contrast, phenformin inhibits the synthesis of glyceride glycerol from glucose, despite stimulating glucose uptake from the medium. Fatty acid synthesis was also inhibited.
These experiments did not identify the causative factor underlying insulin resistance during diabetic ketosis. They do, however, exclude the possibility that ketone bodies interfere with glucose utilisation in normal humau adipose tissue. The physiological mechanisms governing glucose, fatty acid and ketone body utilisation in diabetic human adipose tissue remain, however, to be evaluated.
